A series of quadruply bonded dimolybdenum compounds of form Mo 2 (EE'CC≡CPh) 4 (EE' = {NPh} 2 , Mo 2 NN; {NPh}O, Mo 2 NO;{NPh}S, Mo 2 NS; OO, Mo 2 OO) have been synthesised by ligand exchange reactions of Mo 2 (O 2 CCH 3 ) 4 with the acid or alkali metal salt of {PhC≡CCEE'}¯. The compounds Mo 2 NO, Mo 2 NS and Mo 2 OO were structurally characterised by single crystal X-ray crystallography. The structures show that Mo 2 NO adopts a cis-2,2 arrangement of the ligands about the Mo 2 4+ core, whereas Mo 2 NS adopts the trans-2,2 arrangement. The influence of heteroatom substitution on the electronic structure of the compounds was investigated using cyclic voltammetry and UV/vis spectroscopy. Simple N for O for S substitution in the bridging ligands significantly alters the electronic structure, lowering the energy of the Mo 2 -δ HOMO and reducing the Mo 2 4+/5+ oxidation potential by up to 0.9 V. A different trend is found in the optoelectronic properties, with the energy of the Mo 2 -δto-ligand-π * transition following the order Mo 2 OO > Mo 2 NO > Mo 2 NN > Mo 2 NS.
Introduction
Quadruply bonded dimetal compounds of form M 2 (µ-L) 4 (L = bidentate, three atom, bridging ligand; M = Mo, W) have a paddlewheel arrangement of the ligands about the dimetal core, and two axial sites that can be used to coordinate exogenous ligands. 1 The M 2 4+ core has a σ 2 π 4 δ 2 electronic configuration, and a wide variety of bridging ligands, such as carboxylate and formamidinate, have been employed to support the dimetal core. The utility of the redox active quadruple bond was illustrated by W 2 (hpp) 4 (Hhpp = 1,3,4,6,7,8-hexahydro-2H-pyrimido[1,2a]pyrimidine), which is the most easily ionised closed-shell molecule known and a powerful reducing agent. 2, 3 In addition, Berry and co-workers have shown that the ditungsten core of W 2 (2,2'-dipyridylamide) 4 is capable of undergoing a four-electron oxidation process which, remarkably, is chemically reversible. 4 The redox potential of dimolybdenum paddlewheel compounds has also been found to play an important role in their performance as catalysts in radical addition and polymerisation reactions. 5 Mixed-valence 'dimers of dimers' of the type [M 2 ](µ-O 2 C-X-CO 2 )[M 2 ] + (M = Mo, W), where X a conjugated spacer, are particularly suited for the study of electron transfer processes 6 and have been extensively studied over the past couple of decades as strong electronic coupling is observed between the dimetal units. [7] [8] [9] [10] [11] [12] [13] [14] [15] The coupling is mediated by M 2 -δ to bridge-π conjugation and is dependent on the nature of the bridging ligand and metal employed.
More recent studies have shown that MM multiply bonded paddlewheels have remarkably long lived excited state lifetimes. 16, 17 Investigations by Chisholm and coworkers on the photoexcited states of trans-[M 2 (TiPB) 2 (O 2 CR) 2 ] (R = 2thiophene 18, 19 or C 6 H 4 -4-CN; TiPB = 2,4,6-triisopropylbenzoate) 20 show emission from T 1 states that are 3 MMδδ * in nature when M = Mo (τ = 77 or 93 µs), but 3 MLCT in nature when M = W (τ = <10 ns). The well-defined coordination environment about the dimetal core also makes MM multiply bonded paddlewheel compounds good candidates for incorporation into materials with potentially interesting optoelectronic properties. [21] [22] [23] [24] [25] [26] [27] This was highlighted in a detailed study by Zhou and co-workers which demonstrated that the shape and size of molecular architectures formed using dicarboxylate ligands to bridge Mo 2 4+ units can be controlled by tuning the bridging angle and size of the bridging dicarboxylate ligand. 28 Changing the nature of the three atom ligand bridging the M 2 4+ core has been found to have a marked effect on the properties of this type of compound. 29, 30 The substitution of O for S in [L 3 Mo 2 ] 2 (µ-1,4-(EE'C) 2 (bridge π * ) energy gap, and a greater mixing of the metal-and bridge-based orbitals which gives rise to a significant increase in electronic coupling. 31, 32 Similar reasoning was used to account for the increases in electronic coupling observed when thiooxamidate as opposed to oxamidate is used to bridge Mo 2 quadruply bonded units. 33 The M 2 4+ bridging ligand has also been shown to have an effect on the nature of the excited states; 18 Despite the often dramatic effect that changing the bridging atoms of the bridging ligand has on the electronic structure and properties of quadruply bonded paddlewheel compounds, there have been no systematic studies as to the origins of these effects.
Here we report the synthesis of a series of compounds of form Mo 2 (EE'CC≡CPh) 4 (EE' = {NPh} 2 , {NPh}O, {NPh}S, OO), shown in Scheme 1. The effect of substitution of N for O for S on the electronic structure of the dimetal core and conjugation between the Mo 2 -δ and ligand-π orbitals was investigated using UV/vis spectroscopy, electrochemistry and X-ray diffraction studies, which are correlated with the results from density functional theory (DFT) calculations.
Scheme 1.
Drawing of the complexes used in this study.
Results and discussion

Synthesis
The compounds Mo 2 ({NPh} 2 CC≡CPh) 4 The yield of Mo 2 NN was consistently low, and MALDI-TOF-MS analysis of the crude reaction mixture showed a mixture of product and a molecular ion consistent with the formation of a (PhC≡CC{NPh} 2 ) 3 Mo 2 (µ-OH) 2 Mo 2 ({NPh} 2 CC≡CPh) 3 byproduct, presumably from reaction of the product with adventitious H 2 O. 34, 35 However, the product could be extracted cleanly from this mixture using warm hexane. 
The Mo-Mo bond distance for Mo 2 NO (2.1269(7) Å) is the longest bond length found for a homoleptic dimolybdenum quadruply bonded compound containing N-C-O¯ bridging ligands. The metal-metal distance for Mo 2 OO (2.1106(6) Å) is also relatively long for a complex of form Mo 2 (O 2 CR) 4 (THF) 2 ; only Mo 2 (O 2 CCF 3 ) 4 (THF) 2 has a longer Mo-Mo bond distance (2.1202 (5) Å). 38 The relatively long Mo-Mo bond lengths observed for both compounds may be a result of significant Mo 2 -δ to ligand-π * backbonding.
There have been only four structural studies of dimolybdenum paddlewheel compounds containing bridging N-C-S¯ units, using the ligands ¯SC(NMe)PMe 2 (Mo-Mo = 2.083(1) Å), 39 the torsion angles with the N-C-S¯ moiety and phenyl rings are 10.9(7)° and 72.2(7)°.
Electrochemical studies
The cyclic voltammograms of Mo 2 NN, Mo 2 NO, Mo 2 NS, and Mo 2 OO are displayed in Figure 4 , with data summarised in Table 3 . All compounds display a single oxidation process corresponding to the removal of an electron from the highest occupied molecular orbital (HOMO), which is the solutions.
Electronic absorption spectroscopy
The UV/vis absorption spectra of the compounds are shown in Figure 5 . All compounds show an intense absorption in the visible region, which can be assigned to Mo 2 δ → ligand π * (MLCT)
transitions. The energy of this transition is dependent on the nature of the ligand. The highest energy MLCT transition is observed for Mo 2 OO at 446 nm, with the same transition red shifted for 3 ). The results shown in Figure 6 indicate that the trans-2,2 regioisomer is the most stable in all instances. For Mo 2 NO' and Mo 2 SO, there are a number of regioisomers close (<5 kJ mol -1 ) in energy to the trans-2,2 form. This suggests that more than one regioisomer could be present in the solid-state or at elevated temperatures in solution, although no experimental evidence of multiple regioisomers was observed. The solid state structure of Mo 2 NO it was found to adopt the cis-2,2
regioisomer. As this is the only form observed experimentally, subsequent discussion about Mo 2 NO' will focus on results from the cis-2,2 isomer calculations. For Mo 2 NS' and Mo 2 SO', the results of the trans-2,2 isomer calculations will be discussed.
In order to check that substitution of {NH} for {NPh} did not affect the relative stability of the isomers, geometry optimisation on the cis-2,2 and trans-2,2 forms of Mo 2 NO were performed; the trans-2,2 isomer was still found to be the most stable. 
Electronic Structure
The calculated frontier molecular orbital energy levels and selected MO diagrams for Mo 2 OO are displayed in Figure 7 . The HOMO in all instances is the Mo 2 δ, with energies given in Table 3 ranging from -3.83 eV for Mo 2 NN to -5.26 eV for Mo 2 SS. This large energy range of ~1.4 eV shows that substitution of N for O for S can result in dramatic changes in the electronic structure of dimolybdenum paddlewheel compounds. This effect is even greater than would be expected if Mo was substituted by W, which would result in the M 2 -δ orbital rising by ~0.5 eV in energy. 43 The electrochemical data is also included in Table 3 , and shows that the calculated trend in HOMO energy is matched by experiment. The LUMO for each compound is one of the ligand π * orbital combinations, and included in Table   3 is the calculated HOMO-LUMO gap. The effect of N for O for S substitution on the HOMO-LUMO gap is less dramatic than observed for the HOMO energy. Introduction of the more electronegative O for N reduces the energy of the ligand π * orbitals. The effect of S for N substitution is also to reduce the energy of the ligand π * , however in this instance it is the longer and weaker C-S bond that is responsible for the reduction in energy. These effects combine to result in similar reduction in the ligand π * orbital energies as the Mo 2 -δ orbitals energies are reduced.
In complexes of the type M 2 (TiPB) 2 (L) 2 (L = π-accepting carboxylate ligand) the separation between the in-and out-of-phase π * combinations of 'L' can be used as a measure of the strength of interaction between the O 2 CR π-systems and the Mo 2 -δ. 43 In homoleptic paddlewheel compounds having D 4h symmetry, there are three non-bonding ligand π * combinations of e u and a 2g symmetry, and a b 2g combination that has the correct symmetry to interact with the Mo 2 -δ. Molecular orbital diagrams of the b 2g combination are given in the Supporting Information. The extent of separation between these bonding and non-bonding combinations, ∆E(Lπ * ), is therefore an indication of the extent of coupling between the M 2 -δ and ligand π-systems, with values presented in Table 3 . Based on the HOMO-LUMO separation, the magnitude of ∆E(Lπ * ) would be expected to follow the order Mo 2 NN < Mo 2 NO < Mo 2 NS. The reverse of this order is actually observed. This can be rationalised by examining the MO diagrams which show the amount N-C-E π * character in the ligand π * orbital follows the trend E = N < O < S. The bridging N-C-E group is serving as an 'alligator clip', 6, 44 coupling metal and ligand π orbitals. The large 3 p orbitals of sulphur have the best overlap, and hence the strongest metal-ligand coupling is observed. This highlights that it is essential to consider metal and E-C-E' orbital overlap, and not just MO energy, when choosing ligands to electronically couple dimetal units.
For Mo 2 SS, a smaller than expected separation of the ligand π * orbital combinations is observed.
The MO diagram of the b 2g ligand π * combination for Mo 2 SS, shown in the Supporting Information, reveals additional bonding interactions between the diffuse S 3p orbitals on adjacent ligands are present, which serve to stabilise the orbital.
Time-dependent DFT was used to calculate the absorption spectra for each compound. Calculated transitions with significant oscillator strength (f > 0.1) in the visible region are listed in Table 3 . In each instance, the main transition in the visible region is the expected Mo 2 -δ to ligand π * transition, with the calculated values closely matching the experimental data. However, they do not predict the weak transition observed at 605 nm for Mo 2 NO. This peak could be due to a δ → δ * transition, which for Mo 2 NO' is calculated to have appreciable oscillator strength. Dicarboxylates are by far the most common ligands used in the assembly of molecular architectures incorporating M 2 4+ units or other metal clusters. This study has shown that the optoelectronic and redox properties of these assemblies may be tuned by judicious selection of bridging ligand. Given that heteroatom substitution has a dramatic effect on the ground-state properties of these molecules, future studies will also investigate differences in the photoexcited states of these compounds.
Conclusion
Experimental
Physical measurements
Elemental as the matrix and prepared as a saturated solution in THF. Allotments of matrix and sample were thoroughly mixed together; 0.5 mL of this was spotted on the target plate and allowed to dry. IR spectra were recorded as solid samples with a Perkin-Elmer Spectrum RX I FT-IR spectrometer equipped with a DuraSamplIR II diamond ATR probe and universal press. 1 H and 13 C NMR spectra were collected at room temperature on Bruker Avance 250, 400 or DRX500 spectrometers.
Chemical shifts were assigned relative to the residual solvent peak and are given to 0.01 ppm for 1 H and 0.1 ppm for 13 C.
Materials and methods
All experimental manipulations were performed under an inert atmosphere using standard Schlenkline and glovebox techniques. THF was distilled over sodium wire, and methanol was distilled over CaH 2 . All other solvents obtained from a "Grubbs" solvent purification system. N,N'-diphenyl carbodiimide (PhN=C=NPh), 45 PhC≡C(O)CNHPh, 46 and Mo 2 (O 2 CCH 3 ) 4 47 were synthesised according to literature procedures. All other chemicals were obtained from commercial sources.
Preparation of PhC≡ ≡ ≡ ≡C(NPh)CN(H)Ph
This ligand was synthesised by a modified literature procedure. 48 
Preparation of Mo 2 ({NPh} 2 CC≡ ≡ ≡ ≡CPh) 4 , Mo 2 NN
A mixture of sodium hydride (17 mg, 0.70 mmol) and PhC≡C(NPh)CNHPh (207 mg, 0.70 mmol)
in THF (15 ml) were heated to 60°C for 15 mins, where upon an orange solution was formed. The solution was then cooled to -78°C and a solution of Mo 2 (O 2 CCH 3 ) 4 (50 mg, 0.12 mmol) in THF (5 ml) was added dropwise. After addition, the reaction mixture was heated to 55°C, and stirred at this temperature for 72 h. The reaction was then cooled to room temperature, and solvent removed in vacuo to leave a dark red solid. The product was extracted from this residue using warm (50°C) hexane, and filtered before drying in vacuo to yield a bright red solid (52 mg, 32% yield 
X-ray Crystallography
Data were collected were measured on a Bruker Smart CCD area detector with Oxford Cryosystems low temperature system. After integration of the raw data and merging of equivalent reflections, an empirical absorption correction was applied (SADABS) based on comparison of multiple symmetry-equivalent measurements. 49 The structures were solved by direct methods (SHELXS-97) 50 and refined by full-matrix least squares on weighted F 2 values for all reflections. 51 All hydrogens were included in the models at calculated positions using a riding model with U(H) = 1.5
x U eq (bonded carbon atom) for methyl and hydrogens and U(H) = 1.2 x U eq (bonded carbon atom) for methine, methylene and aromatic hydrogens. Table 4 . 
Computational details
Molecular structure calculations were performed using density functional theory as implemented in the Gaussian 09 software package. 41 The B3LYP functional 52, 53 and the 6-31G*(5d) basis set 54 were used for H, C, O, N and S, along with the SDD energy consistent pseudopotentials for molybdenum. 55 This level of theory was chosen as it was recommended in a benchmark study probing the physical and electronic structure of M 2 (O 2 CR) 4 compounds. 56 The model compounds regioisomer. The structure of each compound was optimised in the gas phase in D 4h (Mo 2 NN', Mo 2 OO, Mo 2 SS), D 2d (Mo 2 NS', Mo 2 SO) or C 2h (Mo 2 NO') symmetry, and confirmed to be minima on the potential energy surface using harmonic vibrational frequency analysis. Electronic absorption spectra were calculated using the time-dependent DFT (TD-DFT) method.
